INTRODUCTION
============

The number of fluorescent DNA base analogues has increased considerably over the last decade and the search for new probes with improved photophysical and structural properties is continuing \[for recent reviews on fluorescent DNA base analogues and advances in the field, see Wilsson and Kool ([@B1]), Asseline ([@B2]), Okamoto *et al.* ([@B3]), Hawkins ([@B4]), and Rist and Marino ([@B5])\]. The development of this class of fluorescent probes for studying biochemical reactions and interactions in DNA-containing systems is especially challenging due to the strict conditions set by the helical-stacking environment of DNA. Size, shape, charge, polarity and hydrogen-bonding motif are all important properties to be considered if this class of fluorophores is to cause as little perturbation to the native DNA structure as possible. Until recently all reported fluorescent DNA base analogues shared a common feature, namely, an emission intensity highly sensitive to its microenvironment \[for example, see ([@B6; @B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20])\]. Virtually all of them are quenched considerably when incorporated into DNA, the effect being strongly dependent on base sequence, position, and whether the DNA is single or double stranded. These features have been used extensively in DNA-containing systems to probe, for example, structure and stability of DNA constructs ([@B21; @B22; @B23; @B24; @B25; @B26]), DNA-macromolecular structures, interactions and activity ([@B6],[@B27; @B28; @B29; @B30; @B31; @B32; @B33; @B34; @B35]), and DNA-mediated charge transport ([@B36; @B37; @B38; @B39]). In addition to DNA, fluorescent nucleobases have also been incorporated into RNA to study, for example, RNA-drug interaction ([@B40; @B41; @B42]). Utilizing this emission sensitivity to report on the microenvironment has proven to be extremely useful and has provided a range of important and valuable information. However, to expand the number of useful fluorescence applications for this class of DNA probes, new base analogues with new and different fluorescence properties are required.

Recently we reported on a novel fluorescent base analogue, tC, with unique fluorescence properties ([@B43; @B44; @B45; @B46; @B47]). In contrast to other base analogues, tC has a high fluorescence quantum yield (Φ*~f~* = 0.2) that is virtually insensitive to the single- or double-strand nature of the DNA and the surrounding base sequence ([@B46]). We have also shown that tC works extremely well as a cytosine analogue and has only limited effects on the native conformation of DNA ([@B45]). Furthermore, tC is rigidly stacked within the duplex with no increased rate of base-flipping as compared to the native bases. Together with a single fluorescence lifetime in both single- and double-stranded DNA, these properties make tC unique as a fluorescent base analogue with great potential in applications where other fluorescent base analogues are less than ideal, e.g. in fluorescence resonance energy transfer (FRET) and fluorescence anisotropy experiments. Recently, tC was successfully used as a FRET donor to directly observe, for the first time, the inactive to active isomerization in the Klenow fragment (KF) polymerase ([@B48]). In the same study, fluorescence anisotropy of tC was successfully used to probe the effect of nucleotides on DNA-KF binding affinity.

Here we present the next fluorescent DNA base analogue in the tricyclic cytosine family, the tC homolog 1,3-diaza-2-oxophenoxazine (tC^O^, the superscript O indicates the change from sulphur in tC to oxygen in tC^O^, see [Figure 1](#F1){ref-type="fig"}). Previously tC^O^ has been shown to stabilize DNA-RNA- ([@B49]), DNA-DNA- ([@B50]) and PNA (peptide nucleic acid)-DNA-duplexes ([@B51]), and to discriminate well between A, T, C and G targets ([@B49; @B50; @B51]). Furthermore, the rigid structure of tC^O^ has also provided the scaffold for derivatives with even greater stabilizing effects on nucleic acid duplexes ([@B50; @B51; @B52; @B53]) and very recently for a new spin label for the use in electron paramagnetic resonance experiments ([@B54]). We have now, for the first time, shown that tC^O^ is fluorescent and performed an extensive photophysical and structural characterization of the tC^O^ monomer and of tC^O^-containing single- and double-stranded oligonucleotides. We show, not surprisingly, that tC^O^ structurally behaves very similarly to tC having a firm stacking within the DNA double helix and causing minimal perturbations to the native structure of the DNA. We also show that, unlike tC, the emission intensity of tC^O^ is slightly affected by incorporation into DNA and the hybridization state of the DNA. However, once in double-stranded DNA the effect on emission intensity, for all possible combinations of neighbouring bases, is found to be negligible. Moreover, in terms of overall average brightness (= extinction coefficient × fluorescence quantum yield) tC^O^ is unprecedented among base analogues when incorporated into DNA. Although tC has a high average brightness, it is still approximately 3 times weaker than tC^O^ and other base analogues such as 2-aminopurine, pyrrolo-dC, 3-MI are one to several orders of magnitude weaker. Together with other properties presented herein, this makes tC^O^ a very promising fluorescent DNA base analogue in a wide range of fluorescence applications especially FRET, fluorescence anisotropy and fluorescence melting experiments. Figure 1.Structure of the G-tC^O^ base-pair (*left*) and the derivatives of tC^O^ used in the measurements (*right*) (*R* = CH~2~COO^−^ K^+^ for the potassium salt of 1,3-diaza-2-oxophenoxazin-3-yl acetic acid (KtC^O^) and deoxyribose for the 2-deoxyribonucleoside of tC^O^). δ is an in-plane angle relative the molecular orientation axis (*z*) that is parallel to the molecular long axis. μ indicates the polarization of the lowest energy electronic transition moment.

MATERIALS AND METHODS
=====================

Chemicals
---------

The tC^O^ nucleoside, 1,3-diaza-2-oxophenoxazine-2′-deoxynucleoside, was synthesized following the procedure of Matteucci *et al.* ([@B49]) with the exception that toluoyl protection groups were used instead of acetyl. Preparation of the tC^O^ nucleoside for standard automated solid-phase methods using β-cyanoethyl phosphoramidite was carried out by dimethoxytritylation at the 5′-OH group ([@B49]) and phosphitylation of the 3′-OH group (Supplementary Material) to afford the dimethoxytrityl-protected phosphoramidite monomer suitable for oligonucleotide synthesis. The potassium salt of 1,3-diaza-2-oxophenoxazin-3-yl acetic acid, KtC^O^, was obtained by saponification of the tert-butyl ester that was synthesized following the procedures of Rajeev *et al.* ([@B51]) and Ausín *et al.* ([@B52]).

The standard buffer in all measurements, unless stated otherwise, is a sodium phosphate buffer at pH 7.5 with a total Na^+^ concentration of 50 mM. Poly(vinyl alcohol) (PVA) was obtained as powder from E. I. du Pont de Nemours Co. (Elvanol). Quinine sulphate dihydrate, dissolved in 0.1 M H~2~SO~4~, was purchased from Molecular Probes. Oligonucleotides containing tC^O^ were synthesized in the same manner as for tC, which is described elsewhere ([@B46],[@B47]). Unmodified oligonucleotides, not containing tC^O^, were purchased from ATDBio Ltd.

Concentration determination
---------------------------

The concentrations of the oligonucleotides were determined by UV absorption measurements at 260 nm. The extinction coefficients for the modified oligonucleotides were calculated using a linear combination of the extinction coefficients of the natural nucleotides and the extinction coefficient of the tC^O^ nucleoside at 260 nm. To account for the base stacking interactions, this linear combination was multiplied by 0.9 to give a final estimate of the extinction coefficients for the oligonucleotides. The individual extinction coefficients at 260 nm used in the calculation were ε*~T~* = 9300 M^−1^ cm^−1^, ε*~C~* = 7400 M^−1^ cm^−1^, ε*~G~* = 11 800 M^−1^ cm^−1^, ε*~A~* = 15 300 M^−1^ cm^−1^ ([@B55]) and ε*~tC~^*o*^* = 11 000 M^−1^ cm^−1^. The total extinction coefficient of each sequence can be found in the Supplementary Material.

Characterization of the tC^O^ monomer
-------------------------------------

The extinction coefficient of the tC^O^ nucleoside was determined by measuring the absorption of samples of known concentration. Samples were prepared by weighing out small amounts of the tC^O^ nucleoside, typically 1.5 mg, and dissolving them in known volumes of MQ water. Absorption spectra were recorded on a Varian Cary 4000 spectrophotometer at room temperature. The extinction coefficient was determined as an average of three measurements.

Linear dichroism (LD) measurements were performed in stretched PVA film. The film was made from a 12.5% (w/w) solution of PVA that was prepared by dissolving PVA in water under heating to 90°C. Portions of 5 mL were mixed with 3 mL of water solutions of KtC^O^, each containing ∼0.2 mg of substance. The mixtures were poured onto horizontal glass plates and left to dry in a dust-free environment for more than 48 h, where after the films were removed from the plates and mechanically stretched 4 times their original length under hot air from a hairdryer. The measurements were performed using a Varian Cary 4B spectrophotometer equipped with Glan air-space calcite polarizers in both sample and reference beam. LD is defined as where *A*~II~(λ) and *A*~⊥~(λ) are the absorption of light polarized parallel and perpendicular to the macroscopic orientation axis (film-stretching direction), respectively. The reduced LD of a uniaxial sample is defined as where *A*~iso~ is the absorption of the corresponding isotropic sample. The reduced LD for a pure electronic transition, , for a molecule that has a rodlike orientation in a stretched PVA matrix is given by where δ*~i~* is the angle between the molecular orientation axis, *z* ([Figure 1](#F1){ref-type="fig"}), and the *i*th transition moment, and *S~zz~* is the Saupe orientation parameter for this axis.

The magnetic circular dichroism (MCD) was measured on KtC^O^ in phosphate buffer, using a Jasco J-720 CD spectropolarimeter equipped with a permanent horseshoe magnet. MCD is measured exposing a molecule to a magnetic field parallel (by convention, the direction of the magnetic field is north to south) with the light propagation axis and defined as the difference in absorption of left- and right-circularly polarized light. The spectra of KtC^O^ were recorded with both NS (north--south) and SN (south--north) magnetic field orientation. The MCD was obtained by subtracting the SN spectrum from the NS spectrum and dividing by 2. For two electronic transitions close in energy but with different polarizations, the magnetic field would mix the two states giving them magnetic rotational strength of equal amplitude but of different signs that would result in a bisignate signal over the absorption band. For this reason MCD is very useful when determining whether an absorption band is due to one or several transitions.

Fluorescence quantum yields (Φ*~f~*) were determined relative to the quantum yield of quinine sulphate in 0.5 M H~2~SO~4~ (Φ*~f~* = 0.55 at 22°C) ([@B56]). The measurements were performed on a SPEX fluorolog 3 spectrofluorimeter (JY Horiba), using emission wavelengths between 370 and 700 nm and an excitation wavelength of 365 nm.

Fluorescence lifetimes were determined using time-correlated single photon counting. The samples were excited with a PicoQuant PLS-8-2-060 pulsed diode with an approximate centre wavelength of 370 nm (FWHM 50 nm). The diode was pulsed at a 10 MHz repetition rate with a pulse width of ∼1 ns and the emission was monitored at 460 nm. The photons were collected by a microchannel-plate photomultiplier tube (MCP-PMT R3809U-50; Hamamatsu) and fed into a multi-channel analyzer with 4096 channels. A minimum of 10 000 counts were recorded in the top channel. The intensity data were convoluted with the instrument response and evaluated with the software package FluoFit (PicoQuant). The experimental setup yielded a time resolution of ∼100 ps (FWHM).

The fluorescence excitation anisotropy spectra were measured on a SPEX fluorolog 3 spectrofluorimeter (JY Horiba) equipped with Glan polarizers both in the excitation and in the emission beam. The polarized excitation spectra of the tC^O^ nucleoside in an H~2~O/ethylene glycol (1:2 mixture) glass at −100°C, were recorded from 250 to 405 nm, and the emission was set at the fluorescence maximum of the sample (433 nm). The fluorescence anisotropy (*r*) was calculated as ([@B57]) where *I*~vh~ refers to excitation spectrum recorded with the excitation polarizer in the *v*ertical and the emission polarizer in the *h*orizontal position, and so forth, and *G* is the ratio *I*~hv~/*I*~hh~ used for instrumental correction. For an immobile chromophore with an electronic transition (*i*), the fundamental anisotropy, *r~0i~*, is related to the angle *α~i~* between the absorbing and the emitting transition moments according to the following equation: Quantum mechanical calculations of electronic absorption spectra of the tC^O^ chromophore were performed with the semi-empirical ZINDO/S method as incorporated in the HyperChem program. All singly excited configurations using the 15 highest occupied and 15 lowest unoccupied orbitals were included in the configuration interaction (CI) calculation. The geometries used were obtained from AM1 optimizations as implemented in HyperChem.

Characterization of tC^O^-containing oligonucleotides
-----------------------------------------------------

Double-stranded oligonucleotides were formed by mixing equimolar amounts of complementary single strands in phosphate buffer at room temperature (in fluorescence measurements an excess of 20% of the non-fluorescent complementary strand was used to ensure that all tC^O^ strands were double stranded). The samples were heated to 85°C and thereafter annealed by slow cooling to 20°C. Melting temperatures were measured on a Varian Cary 4000 spectrophotometer equipped with a programmable multi-cell temperature block. The samples were heated from 10 to 85°C at a maximum rate of 0.5°C min^−1^ whereupon they were cooled to 10°C at the same rate. The absorption at 260 nm was measured with a temperature interval of 1°C.

Circular dichroism (CD) spectra were recorded on a Jasco J-720 spectropolarimeter at 25°C. The spectra of oligonucleotides containing tC^O^ were recorded between 200 and 500 nm, and the spectra of oligonucleotides not containing tC^O^ were recorded between 200 and 350 nm. All spectra were corrected for background contributions.

Fluorescence quantum yields and fluorescence lifetimes were determined as described for the monomer (see above).

Fluorescence excitation anisotropy of tC- and tC^O^-containing oligonucleotides
-------------------------------------------------------------------------------

The steady-state anisotropy, *r*, for two tC-containing duplexes of different lengths (10 and 22 base pairs) and two tC^O^-containing duplexes of different lengths (10 and 21 base pairs) were measured (for sequences, see Supplementary Material). Fluorescence anisotropy spectra were measured as described for the monomer (see above). However, measurements were performed in phosphate buffer at room temperature. The anisotropy (*r*) for the duplexes was experimentally determined using Equation ([5](#M5){ref-type="disp-formula"}). The anisotropies at excitation wavelengths 375 and 395 nm were used for tC^O^- and tC-containing oligonucleotides, respectively, and the emission was monitored at 460 and 510 nm, respectively. In the theoretical calculation of the steady-state anisotropies, the DNA duplexes were modelled as cylinders with the rotational motion characterized by the diffusion coefficients *D*~∥~ and *D*~⊥~ for the rotation about the helical axis and about the axis perpendicular to the helical axis, respectively. *D*~∥~ and *D*~⊥~ were calculated using the equations of Tirado and Garcia de la Torre ([@B58]) to obtain the two rotational correlation times, θ~1~ and θ~2~ (Supplementary Material). The expected steady-state anisotropy, *r*, was calculated using the following equation: where β~1~ and β~2~ are the amplitudes of θ~1~ and θ~2~, respectively. The fluorescence lifetime, τ, was experimentally determined for each sample. For details on the calculations and values used, see Supplementary Material.

RESULTS
=======

Spectroscopic characterization of the tC^O^ monomer
---------------------------------------------------

The absorption and emission spectra of the tC^O^ nucleoside are presented in [Figure 2](#F2){ref-type="fig"}. The low energy absorption band is centred at 360 nm (ε = 9000 M^−1^cm^−1^) and the emission maximum is found at 465 nm. The fluorescence quantum yield, Φ*~f~*, and lifetime, τ, in aqueous buffer at pH 7.5, 22°C is 0.30 and 3.4 ns, respectively. Neither the absorption nor the emission spectrum shows significant changes in the pH range 5 to 9 and at Na^+^-concentrations from 50 mM to 1 M (data not shown). Furthermore, the emission intensity decreases linearly by approximately 30% when increasing the temperature from 10 to 90°C (data not shown). Figure 2.Isotropic absorption and emission spectra of the tC^O^ nucleoside (blue), tC^O^-containing single strand (AA, red) and tC^O^-containing double strand (AA, black). The spectra have been normalized at the maxima of the lowest energy absorption band (*left*) and of the emission (*right*), respectively.

A detailed characterization of the lowest energy absorption band was performed using LD, fluorescence anisotropy, MCD, and quantum chemical calculations. [Figure 3](#F3){ref-type="fig"}a shows the isotropic absorption, reduced LD (LD*^r^*) and fluorescence anisotropy spectra. The LD*^r^* value for the lowest energy absorption band is found to be 1.31 (taken as the plateau value at long wavelengths). Using Equation ([3](#M3){ref-type="disp-formula"}) and assuming that tC^O^, like tC, has the same orientation factor, *S~zz~*, as methylene blue (previously shown to be ∼0.78) ([@B59]) the angle between the molecular orientation axis, coinciding with the molecular long axis, *z*, as defined in [Figure 1](#F1){ref-type="fig"}, and the lowest electronic transition moment was calculated to be 33°. The assumption that methylene blue and tC^O^ orient in a similar fashion in the stretched PVA matrix is reasonable since the two molecules are very similar in shape. The fundamental fluorescence anisotropy of tC^O^ immobilized in a solid H~2~O/ethylene glycol (1:2 mixture) matrix has a constant value (0.37) close to the maximum theoretical value (0.4) over the whole absorption band. This suggests both that the band is a result of a single absorption transition moment, since multiple transitions would give rise to a variation with wavelength, and also that the emission and absorption transition moments are virtually parallel. A single transition moment in the low energy absorption band is also evidenced by the MCD ([Figure 3](#F3){ref-type="fig"}b). In this region, the MCD signal for tC^O^ has the same sign and appears as the mirror image of the isotropic absorption spectrum. Both these observations are strong indications that this absorption band is due to a single electronic transition moment. [Figure 3](#F3){ref-type="fig"}c shows the electronic spectrum of tC^O^ calculated using the ZINDO/S method. The geometry of the neutral tC^O^ was predicted from AM1 calculations to be slightly bent at an angle of 166° over the middle ring oxygen--nitrogen axis. A similar slight deviation from planarity has previously been found for tC ([@B44]). The calculation shows that the first two strong electronic transitions are well separated by ∼35 nm, again suggesting that only a single transition moment is responsible for the lowest energy absorption band of tC^O^. From the calculation, the S~0~ → S~1~ transition (358 nm) was determined to be a virtually in-plane transition with an angle of ∼41° relative the long axis, *z* (as defined in [Figure 1](#F1){ref-type="fig"}), of tC^O^. This agrees fairly well with the experimentally estimated value (∼33°, see above). Figure 3.(**a**) Isotropic absorption (*A*~iso~, black) and excitation anisotropy spectra (*r*, red) of the tC^O^ nucleoside and reduced linear dichroism spectra (LD*^r^*, blue) of KtC^O^. *A*~iso~ was measured in a phosphate buffer (50 mM Na^+^, pH 7.5), *r* in a solid H~2~O/ethylene glycol (1:2 mixture) matrix at −100°C and LD*^r^* in a stretched PVA film. (**b**) Magnetic circular dichroism (MCD) of KtC^O^ in a phosphate buffer (50 mM Na^+^, pH 7.5). (**c**) Electronic transitions of the tC^O^ chromophore and their oscillator strengths calculated using the ZINDO/S method on an AM1 geometry optimized structure. Note that the calculated wavenumbers have been multiplied by 0.9 to facilitate comparison.

Incorporation of tC^O^ into DNA oligonucleotides
------------------------------------------------

Since emission properties of fluorescent base analogues are notoriously sensitive to base surroundings, we incorporated tC^O^ into a series of decamers positioning it between every possible combination of nearest neighbours while keeping all the other bases the same. The sequences are named using the closest neighbours to tC^O^, e.g. in sequence GA the tC^O^ has a G on the 5′ side and an A on the 3′ side (for full sequences, see [Table 1](#T1){ref-type="table"}). In addition to these 16 oligonucleotides one more sequence was included, GAAG (GA on the 5′ side of the tC^O^ and AG on the 3′ side, for full sequence, see [Table 1](#T1){ref-type="table"}), to investigate possible effects from guanines positioned one base away from tC^O^. The series also provided for a very thorough characterization of the effects on DNA conformation and stability upon tC^O^ incorporation. Table 1.Melting temperatures of tC^O^-containing duplexes (), the corresponding unmodified duplexes () and the difference in melting temperature as a result of changing one C for tC^O^ (Δ*T*~m~)Sequence[^a^](#TF1){ref-type="table-fn"}Sequence name(°C)[^b^](#TF2){ref-type="table-fn"}(°C)[^b^](#TF2){ref-type="table-fn"}Δ *T*~m~(°C)5′-CGCA-**GtC^O^A**-TCG-3′**GA**4245−35′-CGCA-**GtC^O^G**-TCG-3′**GG**535035′-CGCA-**GtC^O^C**-TCG-3′**GC**4849−15′-CGCA-**GtC^O^T**-TCG-3′**GT**464605′-CGCA-**AtC^O^A**-TCG-3′**AA**414105′-CGCA-**AtC^O^G**-TCG-3′**AG**454325′-CGCA-**AtC^O^C**-TCG-3′**AC**434305′-CGCA-**AtC^O^T**-TCG-3′**AT**3940−15′-CGCA-**CtC^O^A**-TCG-3′**CA**514655′-CGCA-**CtC^O^G**-TCG-3′**CG**534855′-CGCA-**CtC^O^C**-TCG-3′**CC**554875′-CGCA-**CtC^O^T**-TCG-3′**CT**494455′-CGCA-**TtC^O^A**-TCG-3′**TA**454145′-CGCA-**TtC^O^G**-TCG-3′**TG**504555′-CGCA-**TtC^O^C**-TCG-3′**TC**454145′-CGCA-**TtC^O^T**-TCG-3′**TT**443955′-GCC-**GAtC^O^AG**-CG-3′**GAAG**49490[^1][^2]

Structure of tC^O^-modified duplex DNA
--------------------------------------

Effects on DNA secondary structure and duplex stability were investigated by CD and UV-melting measurements. The CD spectra (Supplementary Material) show for all tC^O^-modified decamers typical characteristics of B-form DNA confirming that incorporation of tC^O^ has no effect on the overall conformation of the DNA. Surprisingly, in contrast to tC, no significant CD signal was found for the long wavelength absorption band of tC^O^. The reason for this is still not fully understood.

The thermal stability of the tC^O^-DNA duplexes is summarized in [Table 1](#T1){ref-type="table"}. Incorporation of tC^O^ results in an increase in melting temperature by on average 2.7°C. Furthermore, as for tC, it should be noted that a purine at the 5′ side of the base analogue has modest effects on the melting temperature (−3°C \< Δ*T~m~*\<+3°C; average 0°C) while a 5′-pyrimidine increases the *T~m~* by ∼4--7°C (average 5°C).

Photophysics of tC^O^ in single-stranded DNA
--------------------------------------------

[Figure 2](#F2){ref-type="fig"} shows an absorption and an emission spectrum of a tC^O^-containing single strand and [Table 2](#T2){ref-type="table"} lists the photophysical properties of tC^O^ when incorporated into single-stranded DNA. The long wavelength absorption maximum is slightly red shifted (363--370 nm) upon incorporation into single-stranded oligonucleotides as compared to the free monomer (360 nm). In contrast, the emission of tC^O^ is not significantly shifted upon incorporation into single-stranded oligonucleotides, however, the spectra become slightly more structured. The emission peak is split into two closely lying vibronic peaks that cannot always be resolved making the peak appear truncated. The relative intensities of the two peaks vary and, thus, for comparison, the peak at shorter wavelengths is listed in [Table 2](#T2){ref-type="table"}. Although these values might give the impression that the emission is blue-shifted upon single-strand incorporation, this is, as mentioned above, not the case. Interestingly, the emission spectra of GG, GA, GT and GC are more structured and slightly red-shifted compared to the rest of the single strands (Supplementary Material). We will return to this in the discussion. Table 2.Lowest energy absorption and emission maxima, fluorescence quantum yield, fluorescence lifetimes and intensity averaged lifetimes of tC^O^-containing single strandsSequence[^a^](#TF3){ref-type="table-fn"}Abs~max~ (nm)[^b^](#TF4){ref-type="table-fn"}Em~max~ (nm)[^b^](#TF4){ref-type="table-fn"}Φ*~f~*[^b^](#TF4){ref-type="table-fn"}[^,\ c^](#TF5){ref-type="table-fn"}τ~1~(α~1~) (ns)[^b^](#TF4){ref-type="table-fn"}[^,\ d^](#TF6){ref-type="table-fn"}τ~2~(α~2~) (ns)[^b^](#TF4){ref-type="table-fn"}[^,\ d^](#TF6){ref-type="table-fn"}\<τ\> (ns)[^e^](#TF7){ref-type="table-fn"}**GA**3704610.144.7 (0.13)2.3 (0.87)2.6**GG**3694580.144.1 (0.23)2.0 (0.77)2.5**GC**3694560.174.0 (0.18)2.6 (0.82)2.9**GT**3684560.153.6 (0.19)2.5 (0.81)2.7**AA**3654500.385.6 (1.00)[^f^](#TF8){ref-type="table-fn"}5.6**AG**3654480.415.8 (0.98)2.9 (0.02)5.7**AC**3654540.335.4 (0.69)3.3 (0.31)4.7**AT**3654530.365.2 (0.67)3.9 (0.33)4.7**TA**3654490.345.5 (0.81)3.1 (0.19)5.0**TG**3654460.365.5 (0.90)2.9 (0.10)5.2**TC**3644480.295.1 (0.66)2.7 (0.34)4.3**TT**3654480.304.7 (0.80)2.5 (0.20)4.3**CA**3654520.345.4 (0.84)3.3 (0.16)5.1**CG**3654470.415.8 (0.91)3.7 (0.09)5.7**CC**3664500.315.2 (0.63)3.0 (0.37)4.4**CT**3664510.305.1 (0.61)3.3 (0.39)4.4**GAAG**3634540.405.6 (0.97)3.3 (0.03)5.5[^3][^4][^5][^6][^7][^8]

[Table 2](#T2){ref-type="table"} also lists the fluorescence quantum yields, Φ*~f~*, and mean fluorescence lifetimes, \<τ \>, for tC^O^ incorporated into single-stranded DNA. The fluorescence decays were fitted with two fluorescence lifetimes in all cases even though in a few cases, where the sequence has a high fluorescence quantum yield, a single fluorescence lifetime would have been sufficient ([Table 2](#T2){ref-type="table"}). When comparing the mean fluorescence lifetimes of all sequences ([Table 2](#T2){ref-type="table"}), GG, GA, GT and GC once again stand out with lower values (2.8--3.0 ns) than both the free monomer (3.4 ns) and the other single strands (4.4--5.8 ns). These four sequences also have fluorescence quantum yield of about half (Φ*~f~* ∼ 0.15) that of the free monomer (Φ*~f~* = 0.30) and the other sequences (Φ*~f~* = 0.29--0.41). Apparently the guanine on the 5′ side of tC^O^ has a fluorescence-quenching effect in these sequences. The other single strands all have high fluorescence quantum yields and interestingly, the single strands with a guanine on the 3′ side of tC^O^ are among the highest. The sequence GAAG, which has two adenines as closest neighbours to tC^O^ and guanines as next neighbours, shows no significant difference in either the fluorescence quantum yield or the lifetime as compared to the sequence AA indicating that the quenching effect of guanine has a steep distance dependence.

Photophysics of tC^O^ in double-stranded DNA
--------------------------------------------

Also included in [Figure 2](#F2){ref-type="fig"} are an absorption and an emission spectrum of tC^O^ in double-stranded DNA and the photophysical properties of tC^O^ when incorporated into double-stranded DNA are listed in [Table 3](#T3){ref-type="table"}. The long wavelength absorption maximum (363--369 nm) is in the same range as for the single strands. However, there is very weak vibrational structure on the long wavelength side of the absorption spectra and the emission is significantly more structured for the double strands as compared to both the single strands and the free nucleoside. In contrast to the single strands, all emission spectra are very similar and the first of the two vibronic peaks being the strongest ([Figure 2](#F2){ref-type="fig"}). The emission is not significantly shifted compared to either the single strands or the free nucleoside. As in the case for the single-stranded samples, the values for the emission maximum listed in [Table 3](#T3){ref-type="table"} might give the impression that the emission is blue-shifted compared to the free nucleoside. However, as discussed above, this is an effect of the vibronic splitting and not an actual shift of the spectra. Table 3.Lowest energy absorption and emission maxima, fluorescence quantum yield, fluorescence lifetimes, radiative rate constants and non-radiative rate constants of tC^O^-containing double strands and the tC^O^ nucleosideSequence[^a^](#TF9){ref-type="table-fn"}Abs~max~ (nm)[^b^](#TF10){ref-type="table-fn"}Em~max~ (nm)[^b^](#TF10){ref-type="table-fn"}Φ~f~[^b^](#TF10){ref-type="table-fn"}[^,\ c^](#TF11){ref-type="table-fn"}τ (ns)[^b^](#TF10){ref-type="table-fn"}*k~f~* (10^7^ s^−1^)^d^*k*~nr~ (10^8^ s^−1^)[^e^](#TF13){ref-type="table-fn"}**GA**3674530.173.54.82.3**GG**3654520.184.04.62.1**GC**3674530.204.05.02.0**GT**3674540.173.45.02.4**AA**3664510.234.55.11.7**AG**3674530.244.65.21.6**AC**3694530.274.85.61.5**AT**3694540.274.85.61.5**TA**3664480.214.05.32.0**TG**3634480.193.85.02.1**TC**3664500.234.25.51.8**TT**3674500.224.45.01.8**CA**3664470.183.65.02.3**CG**3644480.193.55.42.3**CC**3664480.213.95.42.0**CT**3644500.234.35.31.8**GAAG**3674530.254.75.31.6**tC**^O^**nucleoside**3594610.303.48.82.1[^9][^10][^11][^12][^13]

[Table 3](#T3){ref-type="table"} also lists the fluorescence quantum yields and fluorescence lifetimes for the double strands. Both the fluorescence quantum yields and fluorescence lifetimes show significantly less variation between different double-strand sequences compared to the single-stranded case. The fluorescence quantum yield is relatively insensitive to base sequence and is in the range 0.22 ± 0.05 for all sequences. All emission decay curves could be fitted to a single fluorescence lifetime () ranging between 3.4 and 4.8 ns. The calculated radiative rate constants, *k~f~*, and non-radiative rate constants, *k*~nr~, for both the free tC^O^ nucleoside and the tC^O^-containing double strands can also be found in [Table 3](#T3){ref-type="table"}. The *k~f~* values range between 4.6 × 10^7^ and 5.6 × 10^7^ s^−1^ for the double strands. This can be compared to 8.8 × 10^7^ s^−1^ for the free monomer. The *k*~nr~ of tC^O^ is less affected upon incorporation into double strands and ranges between 1.5 × 10^8^ and 2.3 × 10^8^ s^−1^ compared to 2.1 × 10^8^ s^−1^ for the free monomer.

Fluorescence anisotropy experiments on DNA using rigidly stacked base analogues
-------------------------------------------------------------------------------

To demonstrate the advantage of using rigidly stacked base analogues in fluorescence anisotropy experiments, we performed steady-state measurements on four different DNA duplexes labelled with tC or tC^O^. [Table 4](#T4){ref-type="table"} shows the measured fluorescence lifetimes and steady-state anisotropy as well as the calculated steady-state anisotropy of two tC-labelled oligonucleotides and two tC^O^-labelled oligonucleotides. The expected steady-state anisotropy is calculated from Equation ([7](#M7){ref-type="disp-formula"}), using measured lifetimes and calculated rotational correlation times. The rotational correlation times, θ~1~ and θ~2~ together with their amplitudes, β~1~ and β~2~, were calculated using the equations in Supplementary Material, S3. In the calculation the DNA duplex is modelled as a rotating cylinder with a length, *L* = *N~bp~* × 3.4 Å and diameter, *d* = 20 Å ([@B60; @B61; @B62]). The calculated anisotropies for the tC oligonucleotides, 0.12 and 0.21 agree very well with the experimental values 0.12 and 0.20 for the 10-mer and 22-mer, respectively. Also for the tC^O^ oligonucleotides, the calculated values, 0.15 and 0.23 agree very well with the experimental values 0.14 and 0.22 for the 10-mer and 21-mer, respectively. Table 4.Fluorescence lifetimes, experimental and calculated steady-state fluorescence anisotropy of tC- and tC^O^-containing double-stranded oligonucleotidesSequence[^a^](#TF14){ref-type="table-fn"}Base pairsτ (ns)[^b^](#TF15){ref-type="table-fn"}*r*~exp~ [^b^](#TF15){ref-type="table-fn"}*r*~calc~ [^c^](#TF16){ref-type="table-fn"}tC10106.80.120.12tC22227.00.200.20tC^O^10104.50.140.15tC^O^21214.50.220.23[^14][^15][^16]

DISCUSSION
==========

In light of our previous findings regarding the highly fluorescent and promising DNA base analogue 1,3-diaza-2-oxophenothiazine, tC, we undertook the task of investigating the tC homolog 1,3-diaza-2-oxophenoxazine, tC^O^ ([Figure 1](#F1){ref-type="fig"}). It had previously been shown that tC^O^ has good potential as a cytosine analogue, forming selective base pairs with guanine ([@B49; @B50; @B51]) and stabilizing DNA-RNA- ([@B49]), DNA-DNA- ([@B50]) and PNA-DNA-duplexes ([@B51]). In this study we have not only performed a more thorough investigation of effects on DNA conformation and stability upon incorporation of tC^O^, but more importantly, we show the first evidence that this base analogue is highly fluorescent and has very interesting and useful fluorescent properties.

Characterization of the tC^O^ monomer shows that pH, salt, and temperature have very limited effects on tC^O^ and its photophysics under biological conditions. This is very important for the intended use of tC^O^ as a probe in biochemical and biophysical experiments. The nearly constant fluorescence anisotropy and LD*^r^*, the purely negative MCD, and quantum chemical calculations all support that the lowest energy absorption band of tC^O^ at ∼365 nm is due to a single electronic transition. This will simplify both experimental work and analysis of data and, thus, yield more accurate results, especially when using techniques such as fluorescence anisotropy and FRET. Furthermore, the LD measurements and the quantum chemical calculations show that this transition is at an angle of ∼35° to the long axis of tC^O^ and virtually in the plane of the molecule. In addition, the high fundamental fluorescence anisotropy of the matrix immobilized tC^O^ suggests that the emission and absorption transitions are nearly parallel. The extinction coefficient for tC^O^ at the long wavelength absorption maxima (ε~360nm~ = 9000 M^−1^cm^−1^) is more than twice as high as for tC (ε~375nm~ = 4000 M^−1^cm^−1^). Since the intensity of emission is proportional to the extinction coefficient and fluorescence quantum yield a high value of ε is obviously a desirable property. The characterization of the fluorophore itself is important for both experimental design and data analysis. However, even more important for future use of tC^O^ as a fluorescent DNA base analogue is the characterization of its effect on DNA and also the effect of DNA on tC^O^ itself, which will be discussed below.

tC^O^-dynamics in duplex DNA and effects on DNA structure and stability
-----------------------------------------------------------------------

Results from both CD and UV-melting experiments show that tC^O^ works excellently as a cytosine analogue. The CD indicates only limited effects on the overall secondary structure of DNA and, more importantly, the spectrum is typically that of B-form DNA for all sequences. Duplex stability is on average slightly increased by incorporation of tC^O^ (∼2.7°C). However, with a purine on the 5′ side of tC^O^ the melting temperature is, on average, not significantly changed whereas with a pyrimidine it is increased 5°C. Hence, with an intelligent choice of the 5′ neighbour of tC^O^ the stability of the duplex can be increased or left unchanged, thus, offering a potentially very important control. The behaviour is very similar to tC and, as suggested in that case, the enhanced stability is most likely a result of increased π--π overlap between the extended ring system of tC^O^ and the neighbouring bases.

Further insight into the geometry and dynamics of tC^O^ in the DNA double helix can be obtained from the absorption and emission spectra as well as from the fluorescence lifetimes. The observed single fluorescence lifetime is a strong indication of a single conformation of the fluorophore, whereas multiple lifetimes would have indicated several conformations normally suggesting fast base flipping of the fluorophore. The latter is often accompanied by a decrease in duplex stability. Additional indications of tC^O^ being situated in a well-defined and rigid environment come from the more structured absorption spectra and especially from the emission spectra that show significant vibrational structure. Similar vibrational structure was also found for tC^O^ in a rigid low-temperature H~2~O/ethylene glycol matrix (data not shown). These results suggest that tC^O^ is firmly stacked and has a very well-defined position and geometry at least on the time scale of fluorescence. This means that any emission-monitored motion of tC^O^ will be strongly coupled to the motion of the DNA. This property is extremely useful in, for example, fluorescence anisotropy experiments (see below).

Combining these findings with previous reports on the base-pairing selectivity, it is evident that tC^O^ is an excellent cytosine analogue and that exchanging C for tC^O^ will only introduce minute perturbations to the native structure of DNA.

Photophysics of tC^O^ in single-stranded DNA
--------------------------------------------

The fluorescence quantum yield of tC^O^ in single-stranded oligonucleotides shows some sensitivity to base sequence. Four of the sequences, GG, GA, GT and GC, all containing a guanine 5′ to tC^O^, have 50% lower fluorescence quantum yield than the nucleoside free in solution. On the contrary, for sequences with A, T or C 5′ to tC^O^, it is virtually the same or slightly higher. In addition, the mean fluorescence lifetime is significantly shorter (2.8--3.0 ns) for the GG, GA, GT and GC strands compared to the other single strands (4.4--5.8 ns) and also shorter than for the free nucleoside (3.4 ns). This fluorescence quenching might be due to electron transfer from the nearby guanine, the natural DNA base with the lowest oxidation potential. In sequences AA and GAAG, tC^O^ is surrounded by adenines, however, the next to nearest neighbours are changed from adenine and thymine in AA to two guanines in GAAG. Since both the fluorescence quantum yield and average fluorescence lifetime are virtually the same for those sequences, the effects of guanines further away from tC^O^ seem to be negligible. Interestingly, sequences with a guanine at the 3′ side are among the ones with highest fluorescence quantum yield and longest fluorescence lifetimes. Thus, not only proximity to a guanine is important for the quenching but also subtle structural differences. Most likely, parameters such as relative orientation and stacking between tC^O^ and neighbouring guanines play an important role.

In a preliminary study including the sequence GT-2 (see Supplementary Material for full sequence) interesting aspects of the importance of orientation for the quenching become clear. In this sequence only the order of the two bases at the 5′-end is reversed while keeping the rest of the sequence the same as for the GT. The GT-2 has a quantum yield only slightly lower (Φ*~f~* = 0.27) than the free nucleoside and approximately twice as high as for GT. The average fluorescence lifetime for GT-2 is slightly lower than for the other single strands (3.9 ns) but almost 50% longer than for GT. As shown above, a change in sequence that distant from tC^O^ should have no direct effects on the fluorescence, so the explanation has to lie elsewhere. Combining information obtained from CD and the emission spectra allowed for a deeper understanding of the structural features of the single strands. As will be discussed below, the results support our initial statement that minute structural differences play a very important role in the quenching mechanism. The CD spectra of the single strands show similar structural features for all strands, suggesting a certain degree of secondary structure in all cases. However, the four sequences GG, GA, GT and GC all have a CD signal at ∼280 nm of approximately twice the intensity of that of all other single strands including GT-2 (Supplementary Material). This suggests that these four sequences have a more ordered secondary structure compared to the other single strands. Interestingly, from the lower CD signal for GT-2 we can conclude that the small change in the sequence for GT-2 compared to GT is enough to disrupt the more ordered structure. Furthermore, the more ordered secondary structure is not a result of incorporating tC^O^ since the same high CD signal was observed also for the unmodified single strands (Supplementary Material). This indicates that the more ordered secondary structure is an intrinsic property of these sequences. In addition, the emission spectra of GG, GA, GT and GC are more red-shifted ([Table 2](#T2){ref-type="table"}) and have more pronounced vibrational structure compared to the other single strands (Supplementary Material). Vibrational structure in the spectra is an indication that the fluorophore is in a rigid environment and, thus, suggests that tC^O^ is better stacked and has a more well-defined position in GG, GA, GT and GC compared to all the other single strands. Since these four sequences are the only ones showing any significant quenching (∼50%) it is obvious, especially when comparing with GT-2, that a specific stacking interaction between the tC^O^ and the guanine is also required for significant quenching to occur. That the quenching of tC^O^ is so strongly dependent on relative orientation and interaction between tC^O^ and guanine indicate that the driving force for quenching, possibly an effect of electron transfer, is relatively small.

Photophysics of tC^O^ in double-stranded DNA
--------------------------------------------

The behaviour of tC^O^ in duplex DNA is much less complex than in single strands. Here all sequences behave virtually the same having a decreased fluorescence quantum yield compared to the nucleoside and a single fluorescence lifetime. The single fluorescence lifetime is a great advantage in techniques such as fluorescence anisotropy and FRET and has previously only been reported for one fluorescent DNA base analogue, namely tC. Despite that the fluorescence quantum yield is reduced upon duplex formation it is still 0.22 ± 0.05 in all possible combinations of nearest neighbours which in combination with ε = 9000 M^−1^cm^−1^ result in a DNA-incorporated fluorescent base analogue that is unprecedented in terms of overall average brightness (∝ ε × Φ*~f~*). We would like to point out that there are other base analogues with similar quantum yields in specific sequences ([@B7],[@B12]). However, in those cases the same base analogue can have quantum yields less then a few percent in other sequences. In contrast to the single strands, the reduced fluorescence quantum yield is not a result of quenching since the fluorescence lifetime is longer and the non-radiative rate constant is approximately the same as compared to the free tC^O^ nucleoside ([Table 3](#T3){ref-type="table"}). Instead, the major change is found in the radiative rate constant, which is lowered by 35--50%. This is most likely a consequence of the electronic interaction between tC^O^ and the other bases in the DNA stack leading to a hypochromic effect in the tC^O^ chromophore. Thus, since the radiative rate constant is proportional to the extinction coefficient as shown by the Strickler--Berg equation ([@B63]), the radiative rate constant will be lowered by this hypochromicity. The hypochromicity of double-stranded DNA as compared to a free nucleoside is typically \<40% ([@B64]) which is, within error margins, similar to the observed change in the radiative rate constant.

The sequences GG, GA, GT and GC that were quenched as single strands now behaves as all the other double strands, i.e. they do not exhibit any fluorescence quenching. This suggests that the formation of duplex effectively turns off the quenching pathway present in the single strands, supporting the notion of a quenching with a low driving force and, thus, a high sensitivity to minute structural changes.

Fluorescence anisotropy experiments on DNA using rigidly stacked base analogues
-------------------------------------------------------------------------------

As shown in previous publications and here both tC and tC^O^ are rigidly stacked within the DNA duplex. This suggests that these probes will report primarily on the motion of the DNA rather than any independent motion of the probe. Indeed this is what we find when comparing the experimental results of the tC and tC^O^ sequences with the theoretically estimated values ([Table 4](#T4){ref-type="table"}). The experimental steady-state anisotropy values agree very well with those obtained from calculations proving that any motional freedom of tC or tC^O^ not related to the mobility of the whole DNA is of very small amplitude. This shows the superiority of these probes compared to many other existing fluorescent DNA probes when using fluorescence anisotropy to study DNA--macromolecule interactions or in the determination of size and shape of DNA tertiary structures as well as DNA-macromolecule complexes.

CONCLUSIONS
===========

We have shown the first evidence that the base analogue tC^O^ is highly fluorescent and presented a thorough characterization of it both as free monomer as well as incorporated into DNA. In terms of average overall brightness (∝ ε × Φ*~f~*) and, thus, high sensitivity when incorporated into DNA, tC^O^ is unprecedented among fluorescent DNA base analogues. Only tC is close to its average brightness, but it is still approximately 3 times weaker, while other base analogues such as 2-aminopurine, pyrrolo-dC, 3-MI are one to several orders of magnitude weaker. Although tC^O^ has many promising properties in common with tC, there is one significant difference, apart from the fact that tC^O^ is a different colour that expands the wavelength range of highly fluorescent DNA base analogues, namely that the emission from tC^O^ is sensitive to its DNA micro-environment. This sensitivity is something that tC^O^ shares with virtually all other base analogues but other properties make tC^O^ superior. Most obvious is the significantly higher brightness of tC^O^ mentioned above and also that tC^O^ has no significant effects on the native DNA conformation and stability. Furthermore, tC^O^ is rigidly stacked within the double helix and it has a single fluorescence lifetime in double-stranded DNA. This makes tC^O^ a highly interesting contributor to the growing numbers of fluorescent base analogues. The vast majority of the current analogues work well if one is only interested in monitoring emission intensity change. tC^O^, on the other hand, in addition to that is also very well suited in techniques such as FRET and fluorescence anisotropy.

In summary, tC^O^ combines some of the favourable properties that make tC unique with the useful property shared by the currently exploited base analogues. Thus, tC^O^ is suitable for use in a wide range of fluorescence applications, especially FRET, fluorescence anisotropy and fluorescence melting experiments, monitoring segmental melting of complex nucleic acid structures (Börjesson and coworkers and Sandin and coworkers; manuscripts in preparation).

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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[^1]: ^a^In unmodified sequences, tC^O^ is replaced by cytosine.

[^2]: ^b^*T*~m~ values were determined from the derivative of the melting curves. Measurements were performed in a phosphate buffer (50 mM Na^+^, pH 7.5) at a duplex concentration of 2.5 μM.

[^3]: ^a^Sequence names indicate the nearest neighbours to tC^O^. For full sequences, see [Table 1](#T1){ref-type="table"}.

[^4]: ^b^Measurements were performed in phosphate buffer (50 mM Na^+^, pH 7.5) at room temperature.

[^5]: ^c^Fluorescence quantum yields are measured relative to quinine sulphate in 0.5 M H~2~SO~4~ (Φ*~f~* = 0.55) ([@B56]).

[^6]: ^d^The amplitudes are indicated in parenthesis.

[^7]: ^e^Mean fluorescence lifetimes \<τ \> = ∑α~i~τ~i~^2^/∑α~i~τ~i~.

[^8]: ^f^When fitting with two lifetimes, The second lifetime gets a negative amplitude.

[^9]: ^a^Sequence names indicate the nearest neighbours to tC^O^. For full sequences, see [Table 1](#T1){ref-type="table"}.

[^10]: ^b^Measurements were performed in phosphate buffer (50 mM Na^+^, pH 7.5) at room temperature.

[^11]: ^c^Fluorescence quantum yields are measured relative to quinine sulphate in 0.5 M H~2~SO~4~ (Φ*~f~* = 0.55) ([@B56]).

[^12]: ^d^Radiative rate constant *k~f~* = Φ*~f~*/τ.

[^13]: ^e^Non-radiative rate constant *k*~nr~ = *k~f~*/Φ*~f~* − *k~f~*.

[^14]: ^a^Sequence name indicates the probe and the length of the oligonucleotide in number of base pairs (for full sequences, see Supplementary Material).

[^15]: ^b^Measurements were performed in phosphate buffer (50 mM Na^+^, pH 7.5) at 20°C.

[^16]: ^c^Calculated steady-state anisotropies of DNA duplexes with the length, *L* = *N~bp~* × 3.4 Å and the hydrodynamic diameter, *d* = 20 Å ([@B60; @B61; @B62]). For more details, see Supplementary Material.
